Spermatogenesis is a complex biological process that involves the proliferation and differentiation of diploid spermatogonia into mature haploid spermatozoa. During the first phase of this process, spermatogonial stem cells (SSCs) enter a series of mitotic divisions which give rise to a pool of differentiated B spermatogonia, the precursors of the meiotic cells. The primary spermatocytes then undergo 2 meiotic divisions to generate haploid spermatids, which in turn differentiate into spermatozoa during a phase known as spermiogenesis.
Spermatogenesis is a complex biological process that involves the proliferation and differentiation of diploid spermatogonia into mature haploid spermatozoa. During the first phase of this process, spermatogonial stem cells (SSCs) enter a series of mitotic divisions which give rise to a pool of differentiated B spermatogonia, the precursors of the meiotic cells. The primary spermatocytes then undergo 2 meiotic divisions to generate haploid spermatids, which in turn differentiate into spermatozoa during a phase known as spermiogenesis.
In mice, the SSCs, the majority of which is believed to be A-single (A s ) spermatogonia, are located on the basement membrane of the seminiferous tubules. During the first phase of spermatogenesis, A s spermatogonia enter a series of mitotic divisions giving rise first to pairs of spermatogonia (A pr ) that divide further to form a chain of up to 32 aligned spermatogonia (A al ). These subsequently differentiate into A1 spermatogonia, then further divide into A2, A3, A4, In (intermediate) and B spermatogonia, the precursors of the meiotic cells [for a review, see de Rooij and de Boer, 2003] .
SSC self-renewal and differentiation is essential to provide a continuous supply of differentiating germ cells and must be strictly regulated to prevent SSC exhaustion.
Several factors essential for spermatogonial development have been identified and include both extrinsic factors produced by Sertoli cells, such as glial cell-derived neurotrophic factor (GDNF), fibroblast growth factor 2 (FGF2) and bone morphogenetic protein 4 (BMP4), as well as intrinsic spermatogonial factors, including Zinc finger and BTB domain-containing 16 (ZBTB16/PLZF) and ets variant gene 5 (ETV5/ERM) [for reviews, see Zhou and Griswold, 2008; de Rooij, 2009] . However, our understanding of the molecular pathways regulating the fine equilibrium between self-renewal, proliferation, differentiation and apoptosis of male germ cells is still incomplete, and it has become clear that additional factors must be involved .
The glucocorticoid-induced leucine zipper (GILZ) is a 17-kDa leucine zipper protein of the transforming growth factor (TGF) ␤ -stimulated clone 22 domain (TSC22D) family, encoded by the X-linked Tsc22d3 gene. It is expressed in various tissues including brain, kidney, liver, skeletal muscle, and immune tissues (e.g. lymphocytes from the thymus, spleen and lymph nodes) [for more details, see D'Adamio et al., 1997] . GILZ has been proposed to function as a key mediator of the anti-inflammatory and immunosuppressive effects of glucocorticoids [Krzysiek, 2010] . In addition, GILZ has also been implicated in the control of cell survival, proliferation and differentiation [D'Adamio et al., 1997; Delfino et al., 2004; Ayroldi et al., 2007; Redjimi et al., 2009 ] as well as numerous other functions, such as adipogenesis [Shi et al., 2003] , renal sodium transport [Soundararajan et al., 2005] and dendritic cell function [Cohen et al., 2006] . GILZ was shown to interact directly with multiple proteins, including Ras [Ayroldi et al., 2007] and Raf [Ayroldi et al., 2002] , and to inhibit downstream signals such as ERK, AKT, retinoblastoma protein (Rb) phosphorylation, and cyclin D1 expression [Ayroldi et al., 2002 [Ayroldi et al., , 2007 Soundararajan et al., 2005] . In fact, the broad expression profile of GILZ, coupled with its large spectrum of reported activities, suggests that its function may differ significantly depending on the cell type, tissue or physiological system. Interestingly, microarray expression profiles in male germ cells suggest that Gilz transcripts are present at high levels in mouse spermatogonia [Chalmel et al., 2007; Lardenois et al., 2010] . In order to investigate the function of GILZ in male and female reproductive systems, we first analyzed its expression in the developing testis and then used gene-targeted deletion in mice to assess its role in both the testis and the ovary.
Material and Methods

Animals
A Gilz lox allele was generated by inserting 2 Lox sites between exons 3 to 6, the first 4 coding exons of the Tsc22d3 gene [Suarez et al., in press] . Ablation of these 4 exons resulted in complete absence of Gilz transcripts. Gilz lox mice, Ddx4:Cre (Mvh:Cre) mice and Amh:Cre mice were genotyped as described [Lecureuil et al., 2002; Gallardo et al., 2007; Suarez et al., in press] . To achieve selective inactivation of Gilz in germ cells, we mated transgenic male mice expressing Cre recombinase under the control of the Mvh promoter with female mice carrying 2 floxed Gilz alleles in order to generate 50% Ddx4:Cre;Gilz fx/y and 50% Gilz fx/y male mice. These males were used to study the depletion of GILZ in the germline. 
Sperm Analysis
Epididymal sperm count was performed with sperm extracted from the caudal epididymis and ductus deferens of adult, postnatal day (P)80 male mice as previously described [Romero et al., 2011] .
Histology and Immunochemistry
Tissues were fixed overnight either in 4% paraformaldehyde or in Bouin's fixative and embedded in paraffin. Five-m sections were stained with haematoxylin and eosin (H&E) or processed for immunohistochemistry. For immunohistochemistry, paraformaldehyde-fixed sections were incubated overnight at 4 ° C with the following antibodies: anti-AMH (Santa Cruz Biotechnology, sc-9053, 1: 500), anti-pH3(Ser10) (Millipore, 1: 500) , anti-␥ H2AX (Calbiochem, Cat. No. dr-1017, 1: 500), antiH3K9me3 (Millipore, Cat. No. 07-523, 1: 500) , and rabbit anti-GILZ (gift from D. Pearce, 1: 500 [Soundararajan et al., 2007] ). For fluorescent staining, Alexa-conjugated secondary antibodies (Invitrogen) were used for signal detection, and sections were counterstained using DAPI. All images were obtained with a Zeiss Axioscope microscope and processed using the AxioVision LE software.
Apoptosis Assays
Apoptotic assays were performed by TdT-mediated X-dUTP nick end labelling (TUNEL) reactions using the Apoptag kit (Millipore), stained with either DAB chromogen and counterstained with eosin or with Permanent Red, or anti-digoxigenin coupled to fluorescein and counterstained with DAPI. The percentage of apoptotic, TUNEL-positive cells within seminiferous tubules was expressed as the average number of apoptotic cells within 20 seminiferous tubules. A minimum of 100 seminiferous tubules were counted per testis (5 sections/testis) and at least 3 animals per genotype and age were investigated.
Proliferation Assays
Proliferation assays were performed by assessing Ki-67 staining of paraffin-embedded sections at different ages, coupled with immunostaining using GCNA antibodies. The germ cell proliferation rate was determined by counting double-positive cells for Ki-67 and GCNA. A minimum of 100 seminiferous tubules were counted per testis (5 sections/ testis) and at least 3 animals per genotype and developmental stage were analyzed.
Chromosome Spread Preparation and Immunostaining
Spermatocyte nuclear spreads were prepared and stained as previously described [Grad et al., 2010] . The primary antibodies used were: guinea pig anti-SYCP3 (gift from C. Heyting, 1: 25,000), mouse anti-␥ H2AX (Upstate, Cat. No. 05-636, 1: 25,000) and rabbit anti-DMC1 (Santa Cruz Biotechnology, H100, 1: 200). Secondary antibodies were Alexa Fluor 488 and Alexa Fluor 594 conjugates (Molecular Probes). Digital images were obtained by using a cooled CCD camera, Coolsnap HQ (Photometrics), coupled to a Leica DMRA2 microscope using the same exposure time for all acquisitions. Each colour signal was acquired as a blackand-white image using appropriate filter sets and was merged with Photoshop Imaging software.
Male Fertility Tests
A group of 3 Gilz ⌬ /y mutant males, and a group of 3 Gilz wt/y control males, were each bred with 2 wild-type C57/Bl6J females for a period of 3 months. The number of litters and pups per litter were recorded at weaning.
Statistical Analysis
Results of a representative experiment are shown and are expressed as means 8 SEM of n experiments. The nonparametric unpaired t test was used for statistical analysis. Differences were considered statistically significant if p ! 0.05.
Results
Specific Expression of Gilz in Proliferating Spermatogonia and Preleptotene Spermatocytes
Available microarray data revealed that the Gilz gene is expressed in both the testis and the adult ovary [Chalmel et al., 2007; Lardenois et al., 2010] . Within the testis, Gilz transcripts were present at high levels in A and B spermatogonia, and to a lesser extent in Sertoli cells (online suppl. fig. 1 ; for all online supplementary material, see www.karger.com/doi/10.1159/000338415). Double immunofluorescence assays confirmed that GILZ is specifically localized in the cytoplasm of spermatogonia in the developing testis at birth (P0), P5 and P10 ( fig. 1 A-I ). In the adult testis, GILZ protein was strongly detected in the cytoplasm of A and B spermatogonia, as well as in preleptotene spermatocytes ( fig. 1 J -O) . No signal was detected in the somatic cells of either prepubertal or adult testis (online suppl. fig. 2 and data not shown). In female mice, no expression of the GILZ protein was detected by immunofluorescence in the adult ovary (data not shown).
Constitutive Deletion of Gilz Results in Male Infertility
To investigate the functional relevance of GILZ in mice, we generated constitutive Gilz ⌬ /y males and Gilz ⌬ / ⌬ females by crossing mice containing a conditional Gilz allele (Gilz fx ) [Suarez et al., in press ] with a germ cell-specific (Ddx4) promoter-driven transgenic Cre line [Gallardo et al., 2007] fig. 3 ). Gilz ⌬ / ⌬ mutant female mice were viable, fertile and exhibited normal oestrous cyclicity, oocyte development and maturation, parturition frequency and litter size (online suppl. fig. 4 ). Similarly, Gilz ⌬ /y males were viable, grew to adulthood normally and appeared to have normal sexual behaviour and external genitalia when compared to control littermates. However, P80 adult testes lacking Gilz showed a significant ( ϳ 80%) mass reduction compared to control Gilz fx/y males ( fig. 2 A, B) . Sperm count analysis revealed that no spermatozoa were present in P80 Gilz ⌬ /y caudal epididymides, whereas normal sperm counts were found for control littermates ( fig. 2 F) . Histological analysis of Gilz ⌬ /y mice confirmed the complete absence of spermatozoa in the testes ( fig. 2 D) and epididymal ducts, whereas numerous exfoliated germ cells were found in the lumen of mutant epididymides (data not shown). Gilz ⌬ /y mutant testes showed features characteristic of a disorganized seminiferous epithelium, such as vacuolization, germ cells loss, Sertoli-cells-only tubules and interstitium hyperplasia ( fig. 2 C, D, G-N) . Consistent with these multiple defects, mutant males were unable to produce offspring when mated with wild-type females [Suarez et al., in press and data not shown].
Germ Cell-Specific Deletion of Gilz in Conditional
Ddx4:Cre;GILZ fx/y Testes The specific expression of GILZ in spermatogonia and early spermatocytes suggests that the infertility phenotype observed in male mutants might result from a germ cell-specific defect. To test this hypothesis, we specifically deleted Gilz in either Sertoli cells using a well-known and efficient Sertoli-specific Cre line, the Amh:Cre transgene [Lecureuil et al., 2002] , or in male germ cells using the Ddx4:Cre transgenic line [Gallardo et al., 2007] . Mice with a specific deletion of Gilz in Sertoli cells ( Amh:Cre;Gilz fx/y ) were viable and fertile, with normal reproductive parameters, including typical testicular histology, testis size and sperm production (online suppl. fig. 5A-F) . We then investigated the functional relevance of GILZ when specifically deleted in germ cells during spermatogenesis. Surprisingly, when Ddx4:Cre;Gilz wt/y males were mated with Gilz fx/fx females, the Mendelian ratio observed for the Ddx4:Cre ; Gilz fx/y progeny was far less than the expected 25% ratio. This phenomenon could be explained by the leakiness of the Ddx4:Cre transgene during the first zygotic divisions, a well-known phenomenon that might have led to the generation of constitutive instead of germ cell-specific mutants. Nevertheless, the few available Ddx4:Cre;Gilz fx/y mice exhibited a reproductive phenotype identical to that observed in the constitutive Gilz ⌬ /y mutants. It included reduced testis size, seminiferous epithelium disorganization, absence of spermatozoa and complete sterility (online suppl. fig.  5G -L). These observations, together with the GILZ expression profile we described above, led us to conclude that the phenotype observed in the constitutive mutants was the exclusive result of an intrinsic germ cell failure, rather than defects in Sertoli cell or Leydig cell function. Since both the constitutive Gilz ⌬ /y and the germ cell-specific Gilz mutant lines are equivalent in terms of reproductive phenotype, we decided to complete the characterization of the phenotype using the constitutive Gilz ⌬ /y line exclusively. 
Meiotic Progression Defects and the Absence of Late Meiotic and Post-Meiotic Germ Cells in Gilz
⌬ /y
Mutant Mice
Histological analyses and immunohistochemistry using several germ cell-specific antibodies revealed severely impaired spermatogenesis in P80 Gilz ⌬ /y mice. First, anti-GCNA staining indicated that germ cells are drastically reduced in mutant tubules compared to control littermates, with the majority of seminiferous tubules being Sertoli cell-only tubules ( fig. 2 G, H) . The few remaining germ cells found in Gilz ⌬ /y testes display the morphological features of spermatogonia and early spermatocytes. By using ␥ H2AX immunostaining, which discriminates between leptotene/zygotene spermatocytes (nuclear staining) and pachytene spermatocytes ( ␥ H2AX sex body punctate staining), we found that the majority of the remaining germ cells in P80 Gilz ⌬ /y testis were spermatocytes in the early prophase I stage ( fig. 2 I, J) . On the other hand, exfoliating pachytene spermatocytes were only sparsely detected in the lumen of degenerating tubules, and metaphasic germ cells were very rarely found (pH3 staining, fig. 2 K, L) .
As expected, spermatozoa were never found in the tubules' lumen due to a complete absence of round spermatids. This was confirmed by the absence of round spermatid sex chromatin staining in H3K9Me3 immunolabelled mutant testis sections ( fig. 2 M, N) .
To identify at which precise stage the progression of meiotic prophase I is affected in Gilz ⌬ /y mutant animals, we performed anti-SYCP3, DMC1 and ␥ H2AX staining of chromosomal spread preparations from germ cells collected at P12. While spermatocytes at the preleptotene, leptotene and zygotene stages were present, we observed a drastic reduction in the number of pachytene spermatocytes in mutant testes, suggesting an arrest at mid-late zygotene stage ( fig. 3 A-D) . Differences in the meiotic process were also observed in mutant germ cells, with abnormally high levels of asynapsis found in leptotene and zygotene spermatocytes ( fig. 3 E, F) . In contrast, DNA repair (DMC1 punctate staining) was not affected.
Spermatogenic Defects Appear as Early as P5 in Gilz
⌬ /y Mutant Mice In order to detail precisely the chronology of these multiple defects, we compared the development of control and mutant testes from P0 to P21 during the first wave of spermatogenesis. No discernible abnormality was found in mutant testes at birth and at P3 (data not shown and fig. 4 A, B) . However, the first defects appeared at P5 during the mitotic phase ( fig. 4 C, D) with a 2-fold and mutant ( ⌬ /Y, E , F ) P12 testes was used to analyze meiotic prophase I cells. Mutant spermatocytes progressed normally from preleptotene to late zygotene and early pachytene. They showed a distinct ␥ H2AX signal from preleptotene to zygotene all over the nucleus, and in pachytene the expected signal was restricted to the sex body. This suggests that double strand breaks are formed normally. DMC1 (meiotic Rad51 homolog) is recruited to the axis in zygotene, suggesting that repair is initiated. Mutant spermatocytes also revealed a significantly higher amount of nuclei showing a complete set of unsynapsed chromosomes (US) or nuclei containing both, unsynapsed (arrows) and homogenously synapsed chromosomes (H+US). PL, preleptotene; L, leptotene; Z, zygotene; P, pachytene. . By P15 and P21, these defects were more pronounced ( fig. 4 G-J) . In contrast, spermatogonial proliferation was not affected in mutant testes at P3, P5 and P10 (online suppl. fig. 6 ). A reduction in mutant testis weight became apparent from P21 onward, due to seminiferous epithelium deterioration and increased apoptosis ( fig. 4 K, 29 8 5 mg vs. 58 8 3 mg and 43 8 2 mg vs. 219 8 4 mg, respectively). In P21 control individuals, spermatocytes had undergone meiotic division, and some tubules presented cells in metaphase and haploid round spermatids ( fig. 4 I, asterisk) . At the same stage in mutant animals, however, numerous germ cells were pycnotic, and no round spermatids were found in the seminiferous epithelium ( fig. 4 J) . Taken together, these data show that the loss of Gilz severely impairs the first spermatogenic wave, and causes massive apoptosis of spermatogonia, associated higher levels of asynapsis in leptotene and zygotene spermatocytes, and meiotic arrest at the mid-late zygotene stage.
Ablation of Gilz Did Not Cause Alterations in the Testicular Transcriptome at P3
In an attempt to assess the effects of GILZ on gonocyte/prespermatogonia/spermatogonia development at the transcriptional level, we performed a microarray analysis on control and mutant testes at P3, just prior to the first appearance of morphological changes in the mutant mice (P5). At this early postnatal stage, GILZ is already expressed in A spermatogonia (see fig. 1 ). To our surprise, the expression analysis did not reveal any transcriptional changes in the mutant at this stage, with the notable exception of Gilz itself (data not shown).
Discussion
Here we show that Gilz is expressed in A and B spermatogonia and early meiotic cells such as preleptotene spermatocytes. To better characterize the role of GILZ in spermatogenesis, we used the Cre/Lox system to ablate Gilz either constitutively in whole mice or conditionally in germ cells. While female reproductive functions remained unaffected, male mice lacking functional GILZ, either constitutively or specifically in germ cells, were sterile due to a complete absence of mature spermatozoa. The seminiferous epithelium of adult mutant mice was depleted in germ cells, with the presence of numerous Sertoli cell-only tubules as well as tubules with sparse spermatogonia and primary spermatocytes. A developmental analysis revealed that the first alterations appeared as early as P5. Spermatogenic failure was intrinsic to germ cells in the mutant mice and was associated with massive spermatogonial apoptosis as well as defects in meiotic progression. Collectively, our data show that GILZ is essential for spermatogonia survival and the early phases of meiosis I.
While this manuscript was in preparation, a report was published describing the reproductive phenotype of Gilz inactivation in mice [Bruscoli et al., 2012] . Similar to our study, Bruscoli and colleagues generated constitutive and germ cell-specific ablations of Gilz using the same Ddx4:Cre transgene [Gallardo et al., 2007] to investigate the role of GILZ during spermatogenesis. As expected, their results are overall in agreement with our observations, including male infertility because of massive apoptosis in the germ cell lineage. We nevertheless observed several divergent results. For example, germ cell loss appeared more severe in their report, with the presence of empty tubules containing only Sertoli cells. In contrast, we found a significant fraction of seminiferous tubules in adult animals ( ϳ 1/4) that still contained germ cells at both the spermatogonial and early meiotic stages. The differences in the severity of these phenotypes could potentially be explained by differences in genetic background but not by the gene-deletion strategies themselves, as the Cre-mediated deletion of the 2 Gilz floxed alleles used in these studies resulted in the complete absence of GILZ protein [Bruscoli et al., 2012; Suarez et al., in press]. Another important difference between the 2 studies relates to apoptosis and proliferation. While we observed no alteration in proliferation at P3, P5 and P10 and the first events of spermatogonial apoptosis at P5, Bruscoli and coworkers measured an increase in proliferation rate of undifferentiated spermatogonia at P7 and an increase in apoptosis only at P10.
In conclusion, the results of our studies clearly identify GILZ as an essential molecule for spermatogonia development and spermatogenesis. GILZ appears to be required for the development of germ cells, particularly during the early steps of spermatogenesis. Its depletion affects spermatogonia survival and potentially differentiation, perhaps leading to subsequent meiotic defects including the inability to complete meiosis I. It remains unclear how GILZ affects the equilibrium between selfrenewal, proliferation, differentiation and survival in spermatogonia and furthermore, by which molecular mechanism meiosis is impaired. Clearly more studies are needed to identify the precise functions and signalling pathways regulated by GILZ in spermatogenesis.
